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Abstract Redispersion of cobalt is a key process during
Fischer–Tropsch catalyst regeneration. Using model cata-
lysts we show that redispersion is a two step process.
Oxidation of supported metallic cobalt nanoparticles pro-
duces hollow oxide particles by the Kirkendall effect;
reduction leads to break-up of these hollow oxide shells,
forming multiple metallic particles. This mechanism is to a
large extent independent of the support.
Keywords Catalyst regeneration  Fischer–Tropsch
synthesis  Kirkendall effect
1 Introduction
Supported cobalt is the catalyst of choice for the Fischer–
Tropsch synthesis (FTS) step in the gas-to-liquid process
(GTL) due to its high activity and selectivity to linear
paraffins. Due to the cost of both cobalt and noble metals,
which are often used as promoters, extended catalyst life, is
required to make the process economically feasible. Apart
from the synthesis of a relatively stable fresh catalyst
regeneration can be used to extend the lifetime of Co FTS
catalysts [1–3]. A fundamental understanding of the
deactivation mechanisms at play during FTS is key to
designing an efficient regeneration process. Most of the
research on cobalt catalyst deactivation in the last 15 years
has focused on oxidation as a deactivation mechanism [1].
Our previous work however, showed that oxidation is not a
deactivation mechanism during FTS for supported Co
catalysts with crystallite size in excess of 2 nm [1, 4–6]. On
the contrary, the FT environment was found to be strongly
reducing [4]. Following a comprehensive study into the
deactivation of a cobalt catalyst under realistic FTS con-
ditions the following intrinsic deactivation mechanisms
were identified (1) sintering of Co active phase [1, 7] (2)
carbon deposition [1, 8] and (3) possibly surface recon-
struction [1, 9, 10]. Having identified these mechanisms a
three step regeneration process, i.e. (1) dewaxing (2) oxi-
dation and (3) reduction, was tailored to reverse the sin-
tering, carbon deposition and surface reconstruction that
takes place during FTS. The oxidation step was found to be
crucial in burning off the deleterious carbon and redi-
spersing the cobalt [1]. To date there is little fundamental
understanding on the mechanism of redispersion of the Co
during regeneration. This understanding is crucial in the
design and improvement of catalyst regeneration. The
following paper aims to elucidate the mechanism of redi-
spersion during regeneration for an alumina supported
catalyst. Due to the complexity of the real catalyst, model
systems were used to fundamentally understand the
mechanism of redispersion during regeneration.
For redispersion of the cobalt phase cobalt needs to be
mobile, with a net movement away from the location of the
original particle. We have used flat model catalysts (silica
and alumina) that are compatible with TEM imaging, as
well as a non-porous a-alumina-supported model catalyst.
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The flat model system gives excellent contrast in the TEM,
and allows us to locate practically all the cobalt [11].
Furthermore, the sample can be subjected to further treat-
ments after imaging, after which the same sample area can
be imaged again. This is an excellent tool to study mor-
phology changes on the level of individual particles and
study cobalt transport phenomena over the support in
detail. By varying the support its influence can be studied
as well. The use of a-alumina as a support is closer to a real
catalyst support, but the absence of pore structure allows
for easier interpretation of the TEM images. A further
advantage of this model catalyst is that it can be charac-
terized by standard catalyst characterization techniques,
such as X-ray diffraction (XRD).
2 Experimental
2.1 Flat Model Systems
Details about the flat model support can be found else-
where [11]. Briefly, the sample consists of a silicon wafer
covered with a 15 nm thick silicon nitride membrane ter-
minated with a 3 nm thick silicon oxide layer. In the center
of the sample a small part of the underlying silicon wafer is
etched away, leaving only the membrane, thin enough to
facilitate TEM imaging. A flat alumina support was created
by sputter-deposition of c-alumina on top of the silica
sample. SEM, AFM and XPS analysis showed a continuous
*5 nm thick alumina layer with a roughness of *1 nm,
similar to that of the silica substrate. The Auger parameter
of the alumina (1461.4 eV) falls between that of amor-
phous alumina and c-alumina [12–14]. When the mem-
brane breaks it tends to curl up, thus providing a side view
of the support surface, which gives information about the
z-coordinate of the sample.
Cobalt was deposited by spincoating of a cobalt nitrate
solution. A polymer (PMVE) was added to the spincoating
solution, which serves mainly to increase the viscosity of
the spincoating solution. The spincoating solution was
prepared using 20 g of a 25% PMVE solution in water, to
which 3 g of isopropanol was added. 0.5 mL of a 65 mM
cobalt nitrate solution was added to 5 mL of the PMVE/
water/isopropanol mixture, resulting in a cobalt concen-
tration of 5.9 mM. For the alumina-support samples a
small amount of Pt was added in the form of platinum
ammonium nitrate, to serve as a reduction promoter. The Pt
concentration in the spincoating solution was 4.5 lM, that
is, a Co:Pt ratio of 1,320:1.
After spincoating the samples were calcined at 350 C
for 3 h (5 C/min, 20% O2 in Ar), during which the cobalt
nitrate was converted into cobalt oxide (Co3O4) and the
polymer was burnt off (confirmed by XPS). During further
oxidation steps the same temperature program and gas
composition were used. Reduction was performed at
425 C (2 C/min, 4 h), in pure H2. After cooling down to
room temperature in hydrogen the samples were passivated
by controlled exposure to air.
XPS was measured with a Kratos AXIS Ultra spec-
trometer, equipped with a monochromatic Al Ka X-ray
source, a twin anode source (Al and Mg) and a delay-line
detector (DLD). Spectra were obtained using the aluminum
anode (Al Ka = 1486.6 eV) operating at 150 W. Binding
energies were calibrated to Si 2p peak of amorphous silica
at 103.3 eV. The Auger parameter of the alumina layer was
determined using the Al anode of a twin source, where the
bremsstrahlung is responsible for the Al KL23L23 Auger
peaks. The TEM studies were carried out on a Tecnai 20
(FEI Co.) operated at 200 kV. For both the XPS and TEM
measurements the samples were exposed to air before
measurements.
2.2 a-Alumina-Supported Model Systems
Ceralox APA-0.5 (a-alumina, surface area 8 m2/g, Sasol
Germany GMBH) was impregnated with an aqueous cobalt
nitrate solution with the appropriate concentration to pro-
duce a 10 wt% cobalt on alumina model catalyst. After
vacuum drying at 75–85 C the sample was calcined in air
at 250 C (1 C/min, 6 h) in a fluidized bed. Reduction was
performed in pure hydrogen at 425 C (1 C/min, 10 h),
followed by passivation in dry ice in an inert atmosphere.
Controlled exposure to air produces a 3 nm CoO passiv-
ation layer which protects the particles from further oxi-
dation. XRD measurements were performed using a Philips
X’Pert Pro multi-purpose diffractometer equipped with a
Co Ka source. Average Co3O4 particle sizes were obtained
by a full pattern refinement procedure. TEM measurements
were performed on a JEOL 2010 microscope equipped with
a LaB6 filament and operated at 200 kV.
3 Results
3.1 Co/SiO2
After spincoating, calcination and reduction a typical silica-
supported flat model sample contains metallic cobalt par-
ticles, covered with a *3 nm thick CoO passivation layer.
This was confirmed by XPS analysis, where a mixture of
metallic Co and CoO was detected. Figure 1(a) shows a
TEM image of a reduced sample. A variety of particle sizes
is observed, with diameters between 30 nm and 3 nm.
Oxidation of the (passivated) metallic cobalt particles
leads to drastic morphology changes (Fig. 1b). The
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formation of hollow oxide particles is observed, with a
significantly larger diameter than the original metal particle.
Detailed comparison between the particles before and after
oxidation by overlaying the outline of the metallic particles
with the same particles in the oxidized form (Fig. 1c) shows
(1) that the particles have not moved over the support, i.e. the
hollow particles are centered on the location of the original
metal particle and have not moved over the support. (2) The
inner diameter of the hollow oxide particle is equal to the
size of the original metal particle. (3) The same process
occurs for different particle sizes.
Images in which the membrane is tilted (up to 90,
creating a side view) with respect to the electron beam
provide information about the z-direction of the sample.
These images (Fig. 2d) clearly show that the hollow par-
ticles are closed on the top, so they are most accurately
described as hollow (hemi-) spheres instead of doughnuts.
Electron diffraction and XPS show that the hollow particles
consist of Co3O4. The Co 2p spectrum is identical to a
Co3O4 reference. Silicate formation would lead to an
increase of the Co2?-related peaks with respect to the
reference. Thus, we found no indication for silicate
formation. The electron diffraction image (Fig. 2e) shows
diffuse rings instead of more discreet spots, indicating that
the oxide shell is highly polycrystalline, in line with the
findings of other authors [16, 17].
3.1.1 Re-reduction
Figure 2 summarizes the results obtained after reduction of
the hollow oxide shells. It shows the same sample area
during the different stages of oxidation–reduction. From
these images it is clear that redispersion of the cobalt
particles has occurred after oxidation–reduction: the hol-
low oxide particles formed upon oxidation break up into
several metallic cobalt particles during reduction. These
particles form a ring-like structure on the support, located
at the position of the original oxide shell. Thus, it is
obvious that regeneration has led to an increase in the
surface area, as a single large metal particle is converted
into several smaller metal particles. All the metallic cobalt
particles are found at the location where oxide was present
before reduction, showing that cobalt mobility over the
support (sintering) was low during reduction at 425 C.
Fig. 1 a, b Bright field TEM
images of a cobalt-covered flat
model silica support, showing
the same sample area before and
after reoxidation. In panel
(c) outline and position of the
original metallic particles is
indicated, on top of the
reoxidized picture to facilitate
detailed comparison. A broken
membrane curls up and in this
way images with a tilted
membrane can be obtained,
including a side view of the
membrane (d). These images
confirm that the hollow particles
are closed on the top. e Electron
diffraction shows diffuse
diffraction rings typical of
polycrystalline Co3O4
Fig. 2 Bright field TEM images of the same sample area during the different steps of the oxidation–reduction treatment. It can be seen that
reduction of the hollow particles leads to redispersion of the cobalt phase
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3.2 Co/Al2O3
The role of the support was studied by using a model
alumina support instead of silica. The results of this study
are summarized in Fig. 3. Alumina is a more reactive
support, which in general makes it more difficult to reduce
alumina-supported cobalt. From our samples it is difficult
to measure the degree of reduction directly, and the influ-
ence of the support is mostly seen indirectly: the metallic
particles on alumina look more irregular, and the larger
agglomerates appear not fully separated in contrast to the
silica samples shown in Fig. 1. We tentatively explain this
by incomplete reduction of the alumina-supported cobalt
oxide [4]. In this article we will only focus on the effect of
the support on the redispersion process. Reoxidation of the
alumina-supported sample leads, similar to the silica
sample, to the formation of hollow oxide particles, and
reduction of the hollow particles shows break-up of the
hollow oxide particles. Although the results on flat alumina
are certainly not conclusive it is clear that the nature of the
support does not fundamentally change the redispersion
mechanism found on a silica support.
3.2.1 a-Alumina-Supported Model Systems
A study of non-porous a-alumina-supported cobalt
revealed a similar redispersion mechanism. In this article
we only show a small part of the work, merely to illustrate
that the flat model work can be extended to more realistic
supported systems. A full report on this work will be
published elsewhere. Figure 4 shows TEM images of an a-
alumina-supported cobalt catalyst during different stages in
a reduction–oxidation-reduction procedure. The sample in
the reoxidized phase (center image) shows the formation of
hollow oxide particles. When comparing the reduced state
before and after oxidation it is clear that the larger cobalt
particles have completely disappeared, and instead a large
number of small cobalt crystallites are seen. XRD was
performed in the calcined and reoxidized state. The aver-
age Co3O4 particle diameter in the fresh sample before the
Fig. 3 Bright field TEM images of a flat cobalt-on-alumina flat model catalyst, showing the reduced, reoxidized and re-reduced form of the same
sample area. Hollow oxide particle are formed during oxidation, and they break up during reduction, similar to the silica system
Fig. 4 Bright field TEM images of a a-alumina-supported cobalt model catalyst, showing the formation of hollow oxide spheres in the
reoxidized stage and higher metallic cobalt dispersion in the re-reduced state
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first reduction step is 30 nm, while the average particle size
in the reoxidized sample is 9 nm. This smaller XRD par-
ticle size in the reoxidized state can be rationalized by
special morphology in the reoxidized state: the cobalt oxide
is present in the form of hollow polycrystalline particles,
and XRD only detects the average size of the individual
crystallites that make up the hollow oxide shell [15, 16].
We did not find indications for aluminate formation in
either of the alumina model catalysts.
4 Discussion
A spent alumina-supported FT catalyst can be regenerated
using a procedure that involves solvent wash to remove
excess wax, oxidation to remove residual carbon and to
redisperse the cobalt, followed by a reactivation using
hydrogen [1]. Our model systems with different levels of
complexity capture the essential elements of a spent FT
catalyst after dewaxing: the samples have a high degree of
reduction, similar to what is found for spent samples [4].
Our samples contain both large and small particles, thus
mimicking a sintered catalyst. This makes our findings on
the model systems highly relevant to understand the pro-
cesses that occur during regeneration of a real cobalt FT
catalyst.
Cobalt mobility over the support is a crucial parameter
in cobalt redispersion. During FT synthesis the initially
well-dispersed metallic system tends to sinter, an inevitable
process driven by thermodynamics. The gas atmosphere
can have a strong influence on the kinetics of sintering, i.e.
on the cobalt mobility, as shown, for example, in Ref. [17].
Reversal of sintering, redispersion requires a mechanism
that favors spreading of the cobalt phase. On the flat model
samples, where virtually al the cobalt can be seen, the
mobility of cobalt over the support was found to be low,
both during oxidation and during reduction. The only sig-
nificant cobalt mobility over the support that was seen in
our experiments is limited to the formation of hollow oxide
shells during oxidation of the metal particle. It is also the
kind of mobility needed for redispersion: cobalt is trans-
ported away from its original location.
The formation of hollow oxide particles upon oxidation
has been reported previously, on several metals including
Co, Ni, Fe and Cu [15, 16, 18–20], and the mechanism
responsible for this is the Kirkendall effect, where diffu-
sivity differences of the reactants in solid state reactions
results in void formation [21–23]. In the case of oxidation
of metallic nanoparticles the outward diffusion of the metal
(cations) through the growing oxide layer is much faster
than the inward diffusion of oxygen. Thus, the oxide layer
grows on the outside, ultimately creating a hollow oxide
particle. In our particular system the size of the inner void
is equal to the size of the original metal particle, which
implies that the inward diffusion of oxygen is negligible.
During reduction the cobalt mobility has to be low, in
order to avoid complete reversal of the cobalt redispersion
due to the Kirkendall effect. This is exactly what we
observe after reduction: Rather than collapsing back into a
single metal particle, the hollow shells break up, forming
multiple smaller metallic cobalt particles at the location of
the original cobalt oxide shell.
The exact nature of the support does not fundamentally
change redispersion via the Kirkendall mechanism. The
silica and alumina flat model systems and the more real-
istic a-alumina-supported model system show the same
redispersion mechanism. The formation of hollow cobalt
oxide particles for montmorillonite-supported Co confirms
the view that the Kirkendall effect is a general mechanism
that occurs on any type of support. Thus, a similar redi-
spersion mechanism can be expected on a real FT catalyst
as well.
5 Conclusions
We have used model cobalt catalysts to study the mecha-
nism of cobalt redispersion during an oxidation–reduction
treatment. Metallic cobalt oxidizes via formation of hollow
oxide particles, with an inner void that has the size of the
original metal particle. Thus cobalt is transported away
from its original position during oxidation, an important
first step for cobalt redispersion. The second step of redi-
spersion occurs during reduction of the hollow particles:
they break up into several smaller cobalt particles, located
in a ring around the position of the original oxide shell. As
the cobalt transport via the Kirkendall mechanism was the
only source of cobalt mobility on the support we conclude
that this mechanism is a crucial ingredient of catalyst
regeneration. This redispersion mechanism is independent
to a large extent of the support, and it is therefore believed
to responsible for cobalt redispersion during regeneration
of a real FT catalyst as well.
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